Biodiversity is rapidly decreasing worldwide. Its great importance has been attached to conservation through in-situ and ex-situ management. Animal-mediated seed dispersal is an important ecological process, linking the threatened plants and animal partners in ex-situ habitats, and in turn affecting tree conservation. However, how bird traits affect seed dispersal within in-situ and ex-situ conservation still remains unclear. Here, we aim to answer this question. We tested whether bird traits affect seed deposition and seedling recruitment. Our results showed that 19 bird species foraged and removed Taxus chinensis (Pilger) Rehd. seeds across botanical gardens (ex-situ) and natural reserves (in-situ). The seed dispersal pattern of T. chinensis varied in the stages of seed removal and seed deposition, but showed no significant difference in the seedling recruitment stage. This showed that bird morphological and behavioral traits affected seed dispersal through the different contributions of varying bird species. Large birds and their high visitation frequency played a central role in seed removal patterns. The frequency of post-foraging habitat use was the most important factor determining the role of birds in seed deposition and the following seedling recruitment. Urocissa erythrorhyncha and Chloropsis hardwickii played the role of keystone species in seed deposition and seedling recruitment, respectively. Our results highlight the importance of bird traits in facilitating the seed dispersal of trees within in-situ and ex-situ conservation, which should be considered in future forest conservation and management.
Introduction
Biodiversity is rapidly decreasing worldwide due to habitat loss, climate change, and other ecological drivers [1] [2] [3] . Many plant species in natural forests are threatened with extinction [4] [5] [6] . Some of these threatened species have been introduced into new areas, such as botanical gardens for ex-situ conservation [7] [8] [9] . The importance of in-situ and ex-situ conservation of endangered plants is widely recognized [4] [5] [6] . The success of ex-situ conservation is often facilitated by establishing mutualistic interactions between the introduced threatened plant and the local animal community [10, 11] . One of the most important mutualisms is animal-mediated seed dispersal, which influences the regeneration of plant species and the persistence of plant communities [10] .
Bird-mediated seed dispersal links the introduced threatened plant and native birds in the new habitat; thereby, playing a key role in the regeneration success of the endangered plant [12] [13] [14] . A quantitative understanding of bird traits, which can affect the recruitment of plant populations and communities in natural habitats, is crucial for predicting the contribution of dispersal vectors across plant recruitment stages [12, 15, 16] . The contribution of bird traits to seed dispersal is influenced by both morphological and behavioral traits. From the perspective of morphological traits, large-sized birds could be the key species in seed dispersal because, compared to small ones, they often forage on a large number of fruits [17] [18] [19] and disperse seeds over long distances [20] [21] [22] . Post-foraging habitat use is an important behavioral trait for exploring the role of bird species in seed deposition. The microsites preferred by birds as feeding habitats and shelters will receive more deposited seeds than other sites [23] [24] [25] . Increasing scientific evidence shows that plants in ex-situ conservation form new mutualistic interactions in new habitats, and their seed dispersal is affected by the traits of their new avian partners. However, there is still a lack of empirical information on how bird traits affect seed dispersal in in-situ and ex-situ sites, and whether these traits facilitate the process of seed dispersal.
Here, we quantified the effects of bird traits on the seed removal, seed deposition, and seedling recruitment of Taxus chinensis (Pilger) Rehd. in a botanical garden (ex-situ conservation) and a natural forest (in-situ conservation). We hypothesized that the seed removing ability of different bird dispersers varied according to the pattern associated with the traits of frugivorous birds (e.g., body size), and specifically predicted that more seeds would be removed by larger species across the insitu and ex-situ sites. We expected bird post-foraging behaviors to be similar in the in-situ and exsitu sites, which could lead to similar patterns in seedling recruitment in both sites. We also discussed the prevalence and importance of bird traits in plant regeneration with different conservation management methods.
Materials and Methods

Study Species and Sites
T. chinensis, an endemic and relic tree species in China, has been listed as an endangered species by International Union for Conservation of Nature and a first-class national protected species by the Chinese government.
We selected an in-situ population and an ex-situ population of T. chinensis. The in-situ site was in Guihe village, located in the southern experimental area of the Meihua Mountain National Nature Reserve in Fujian Province (25°15′-25°35′N, 116°45′-116°57′E; Area: 22,169 ha). At the time of the study, it had ten female trees and three male trees scattered in evergreen broad-leaved forest [11] . For ex-situ conservation, 11 saplings were introduced from its original area Lu Mountain, Jiangxi Province to the Nanjing Botanical Garden Memorial Sun Yat-Sen, Jiangsu Province in the 1950s (32°5′N, 118°48′E; Area: 186 ha) [26] . The ex-situ site had ten female trees and four male trees scattered in evergreen broad-leaved forest [26] .
Seed Dispersal in In-Situ and Ex-Situ Sites
To compare seed dispersal across the in-situ and ex-situ sites, we quantified how frequently birds visited the mature trees of T. chinensis, and how many seeds were foraged and removed. We chose five mature trees, respectively, across the two sites, and observed the foraging behavior of birds from the opposite mountain slopes, at a distance of around 50 m, using a telescope (Leica 70, Leica Microsystems GMBH, Mannheim, Germany). The birds that visited a mother tree were observed from landing to leaving [25] . The observations lasted 8 h per d during the fruiting seasons of T. chinensis, from late October to early December, accounting for 75 days annually from 2016 to 2018. We identified and counted the frugivorous bird species, and also recorded the number of seeds removed.
To study the contribution of birds to seed deposition and future seedling recruitment, postforaging habitat selection and usage frequency of the dominant bird species were observed. We observed the post-foraging perching habitats of individual birds every 60 s, until the bird flew out of our sight. Moreover, fifteen 1 m 2 quadrats of perching habitats for each bird species (a total of 45 quadrats for three species at each site) were identified, and the frequency of bird habitat use was counted. Every day, we counted the number of regurgitated seeds from the quadrats. At the end of the fruiting seasons in 2017 and 2018, we counted the number of newly emerged 1 year old seedlings in each quadrat, to determine seedling recruitment.
For the purpose of comparing seed dispersal patterns, we used the t-test to compare seed removal (visiting frequency and the number of seeds removed), the number of deposited seeds, and 1 year old seedlings between the in-situ and ex-situ sites. We also developed a network to show the plant-bird interactions across the two sites, in which the strength of the interaction depended on the number of seeds removed by the birds.
Effects of Bird Traits on Seed Dispersal in In-Situ and Ex-Situ Sites
We selected two behavioral traits (foraging visitation frequency and frequency of post-foraging habitat use) and six morphological traits (bill length, body length, body weight, wing length, tail length, and tarsus length) to investigate the effect of bird traits on seed dispersal [27] . To obtain the morphological traits of the local bird species, we measured five males and five females of each bird species using the specimens preserved in the Museum of Nanjing Forestry University [28] . We used the mean value of each trait for analyses. Furthermore, we compared six morphological traits of frugivorous bird species by ANOVA test after the data log-transformed to approximate normality; size effects were removed in all cases by using residuals from the regressions on body length (snoutvent length, SVL).
To test the role of bird traits in seed removal, we used the Random Forest (RF) algorithm to plot the partial effects of bird visitation frequency, three morphological traits (bill length, body weight, and body length), study sites, and study years on the number of seeds removed (R package Random Forest). For seed deposition and seedling recruitment, the RF algorithm was used to plot the partial effects of frequency of post-foraging habitat use, five morphological traits (body weight, body length, wing length, tail length, and tarsus length), study sites, and study years on the number of deposited seeds and newly emerged 1 year old seedlings, respectively. Moreover, the number of deposited seeds and seedlings in the habitats were also explained by the generalized liner mixed model (GLMM), where bird traits, species, and post-foraging habitat use were the covariates and the study years, and their interaction term was treated as the random effects. We used the glmer function in the R Ver. 3.1.2 package 'lme4' for the analysis. As the number of seeds and seedlings are count data, the models were fitted with a Poisson distribution.
Results
The number of bird species that foraged and removed T. chinensis seeds across the in-situ and ex-situ sites was recorded as twelve and seven, respectively (Table 1, Figure 1 ). Only the body length (ANOVA test: F1, 17 = 5.277, p = 0.035) of the bird species varied between the two habitats. The other five traits, including body weight (ANOVA test: F1, 17 = 0.744, p = 0.400), wing length (ANOVA test: F1, 17 = 2.923, p = 0.106), tail length (ANOVA test: F1, 17 = 0.401, p = 0.535), bill length (ANOVA test: F1, 17 = 0.601, p = 0.449), and tarsus length (ANOVA test: F1, 17 = 3.174, p = 0.093), showed no significant differences between the in-situ and ex-situ sites (Figure 2 ). Although frugivorous bird species foraged T. chinensis seeds in the in-situ site, they foraged more seeds in the ex-situ site, as they visited the exsitu site more (t-test: t = 2.26, p = 0.02) than the in-situ site. Furthermore, the most common disperser species were different between the two sites; Pycnonotus sinensis, Urocissa erythroryncha, and Cyanopica cyanus were the most common foragers, contributing to 99.48% of seed removal, in the ex-situ site, whereas Chloropsis hardwickii, Hemixos castanonotus, and Hypsipetes mcclellandii were the most common foragers, contributing to 77.01% of seed removal, in the in-situ site. Bird visitation frequency, body length, and body weight positively correlated to the number of seeds removed (RF algorithm, Figure 3a) , indicating that the visitation frequency of the large birds was important in shaping the seed removal patterns across different sites. Results are presented as means ± standard error. In the case of seed deposition, the number of bird-deposited seeds was significantly higher (ttest: t = −5.32, p = 0) in the in-situ site (1750) than in the ex-situ site (882). The number of deposited seeds increased with the frequency of post-foraging habitat use, and decreased with bill and wing length (Figure 3b ). Furthermore, the GLMM not only highlighted the role of frequency of bird postforaging habitat use and wing length, but also confirmed the contribution of U. erythrorhyncha to the number of deposited seeds ( Table 2 ). In the case of seedling recruitment, the number of 1-year-old seedlings showed no significant difference between the in-situ and ex-situ sites (75 and 86 seedlings in the in-situ and ex-situ sites, respectively; t-test: t = −0.85, p = 0.20). However, the number of 1-yearold seedlings positively correlated to the frequency of post-foraging habitat use, number of deposited seeds, and tarsus length (Figure 3c ). Furthermore, the GLMM highlighted the role of the number of deposited seeds for seedling recruitment, and verified the contribution of C. hardwickii for the future regeneration pattern (Table 2 ). p-values are as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
Discussion
Our comparative results show that the number of seeds removed and deposited varied between the in-situ and ex-situ sites; however, T. chinensis exhibited similar seedling recruitment across both sites. The seed dispersal patterns of T. chinensis across the two sites were affected by bird traits. Large birds and their visiting frequency strongly affected seed removal and seed deposition. The frequency of post-foraging habitat use was the most important factor determining the role of frugivorous birds in seedling recruitment. Most importantly, our results highlight the contribution of two bird species, U. erythrorhyncha and C. hardwickii, to seed deposition and seedling recruitment, respectively.
As expected, more bird species were involved in the bird-T. chinensis interaction in the in-situ site than in the ex-situ site, which was strongly affected by the habitat structures of the two sites. The structure of most ex-situ sites consists of simple botanical gardens [11] with dominant artificial plants, which are less attractive to bird species for foraging [30] . However, a higher number of large bird species were involved in the T. chinensis-bird interaction in the ex-situ site, resulting in higher seed removal rates because large birds need more energy than smaller birds to make their foraging efforts more profitable [16, 17, 31] . Moreover, the visiting frequency of the birds also affected the seed removal number across the two sites. Fruit trees were scattered in the ex-situ habitat, which supplied a unique food resource for the birds, resulting in a high seed removal rate [29, [32] [33] [34] . More deposited seeds were found in the in-situ habitat owing to its high seed removal rate.
As there was no significant difference in the number of 1 year old seedlings between the in-situ and ex-situ sites, it can be implied that the ex-situ T. chinensis plants have a similar regeneration ability as the in-situ plants. The similarity in the regeneration ability of T. chinensis across both sites could be due to both sites possessing similar conditions (evergreen broad-leaf forest). Evergreen broad-leaf forest supplies a safe shelter for birds [11, 25] , resulting in lots of seeds being deposited into the forest; thereby, affecting the future seedling recruitment. The behavioral traits of birds were found to affect future seedling recruitment, not only in our study system, but also in desert ecosystems [18] , fragmented forests [35] , and natural forests [20] .
Our results also highlight the role of two bird species in enhancing the seed deposition and seedling recruitment of T. chinensis. It is not surprising that U. erythrorhyncha facilitates seed deposition in the ex-situ site, as it is a large generalist species with a high tolerance for disturbance, thus was clearly placed in the bird-T. chinensis interaction [11, 26] . Moreover, the behavioral traits of C. hardwickii enhanced the number of seedlings in the in-situ site, which was confirmed by the thesis of "directed dispersal" [36] . The spatial consistency between bird habitat and seedling recruitment habitat highlights the role of bird contributions to plant recruitment.
Conclusions
From the point of view of conservation biology, our results show the important influence of frugivorous birds in facilitating the regeneration of trees in ex-situ sites. Seed dispersal has been widely recognized as a key process within forests, where plants are newly introduced, and determines the conservation success of ex-situ plants [6, 11, 37] . We also expect different microevolutionary patterns for T. chinensis across the in-situ and ex-situ sites depending on this relationship. More importantly, our comparative results on seed dispersal across in-situ and ex-situ sites highlight the importance of frugivorous birds for conservation action. Our study also supports the idea that avian frugivores serve as stepping stones for ex-situ trees to thrive throughout in-situ and ex-situ sites. Traits of frugivorous birds facilitate seed dispersal of ex-situ and in-situ trees. In the bird-T. chinensis interaction, seed dispersal is not only affected by the body size of birds, but also influenced by their behavioral traits. Our results highlight the role of two common species (U. erythrorhyncha and C. hardwickii) in seed deposition and seedling recruitment. Although common species are not of concern or protected by society and the government, their ecological function should not be ignored. We suggest the function of common species should also be studied and considered in in-situ and ex-situ conservation management. Finally, we advocate integrated speciestrait management to maintain, and even increase, the presence of large frugivorous birds in ex-situ conservation. This is expected to accelerate re-establishment of interaction between ex-situ trees and native birds, which should be considered for future ex-situ conservation strategies.
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